Solid-state NMR spectroscopy to study protein-lipid interactions by Huster, Daniel
 
Institute of Medical Physics and Biophysics 
Leipzig University 
Author Manuscript 
Published in final edited form as: 
Biochim. Biophys. Acta (Molecular and Cell Biology of 
Lipids), 2014 Aug; 1841(8):1146-1160.  
DOI: 10.1016/jbbalip.2013.12.002 
© 2014. This manuscript version is made available 
under the CC-BY-NC-ND 4.0 licence 
http://creativecommons.org/licenses/by-nc-nd/4.0/ 
 
 Correspondence to: Daniel Huster, Institute of Medical Physics and Biophysics, Medical Department, 
University of Leipzig, Härtelstraße 16-18, 04107 Leipzig, Germany, daniel.huster@medizin.uni-
leipzig.de, +49-(0)-341-97 15701 (phone)   
SOLID-STATE NMR SPECTROSCOPY TO STUDY 
PROTEIN-LIPID INTERACTIONS 
Daniel Huster  
Institute of Medical Physics and Biophysics, University of Leipzig, Härtelstr. 16 -
18, D-04107 Leipzig, Germany 
Abstract 
The appropriate lipid environment is crucial for the proper function of membrane proteins. 
There is a tremendous variety of lipid molecules in the membrane and so far it is often 
unclear which component of the lipid matrix is essential for the function of a respective 
protein. Lipid molecules and proteins mutually influence each other; parameters such as 
acyl chain order, membrane thickness, membrane elasticity, permeability, lipid-domain and 
annulus formation are strongly modulated by proteins. More recent data also indicates that 
the influence of proteins goes beyond a single annulus of next-neighbor boundary lipids. 
Therefore, a mesoscopic approach to membrane lipid-protein interactions in terms of 
elastic membrane deformations has been developed. Solid-state NMR has greatly 
contributed to the understanding of lipid-protein interactions and the modern view of 
biological membranes. Methods that detect the influence of proteins on the membrane as 
well as direct lipid-protein interactions have been developed and are reviewed here. 
Examples for solid-state NMR studies on the interaction of Ras proteins, the antimicrobial 
peptide protegrin-1, the G protein-coupled receptor rhodopsin, and the K+ channel KcsA are 
discussed. 
Abbreviations 
AFM, atomic force microscopy; CP, cross-polarization; CSA, chemical shift anisotropy; DHA, 
docosahexaenoic acid; GPCR, G protein-coupled receptor; MAS, magic-angle spinning; NOE, 
nuclear Overhauser effect; NOESY; nuclear Overhauser enhancement spectroscopy; PC, 
phosphatidylcholine, PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PFG, pulsed 
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1. Introduction 
The biological membrane represents the most important and most highly specialized 
interface in the human body. All essential membrane properties are caused by a complex 
interplay between lipid molecules and the proteins embedded or associated with the lipid 
membrane. Membrane proteins influence the structure and dynamics of the surrounding 
lipids [1]. Typical membrane parameters that are influenced by proteins are acyl chain 
order, membrane thickness, membrane elasticity, permeability, lipid-domain and annulus 
formation, headgroup orientation, and acyl chain dynamics [2]. In turn, the lipid membrane 
has a profound impact on the structure and dynamics of membrane embedded and 
membrane-associated proteins and peptides [3] and can directly interfere with the function 
of these molecules [2,4,5].  
The lipid environment of a protein represents a large challenge and the understanding, 
which component of the lipid membrane is crucial for protein function is fragmentary. It 
still remains an unsolved problem why different cellular membranes show quite a variety in 
lipid composition and why the putatively basic function of the phospholipid bilayer, which is 
to provide the ‘solvent’ for the membrane proteins [6] requires such a tremendous variety 
of lipid species. However, the original view of the membrane, where the lipid bilayer 
represents the structural scaffold and that lipids and proteins represent a fluid mosaic [6] 
has been modified since this model was first developed in 1972. Especially the raft 
hypothesis [7], formulated in 1997, and the discovery of lipid molecules acting as second 
messengers [8,9] has highlighted the functional importance of the lipids of a biological 
membrane. It was originally formulated in the fluid mosaic model that “the phospholipids 
and proteins of membranes do not interact strongly; in fact, they appear to be largely 
independent” [6]. But now it is clear that membrane lipids strongly affect proteins and vice 
versa. Crystal structures of many membrane proteins show tightly bound non-annular lipids 
[10]. For instance, the crystal structure of the K+ channel KcsA shows two lipid molecules 
modeled as nonan-1-ol and diacylglycerol [11]. Furthermore, cholesterol has been 
identified in crystal structures of G protein-coupled receptors [12] and was also shown to 
bind the flexible transmembrane domain of the amyloid precursor protein [13].  
The hydrophobic surface of a membrane protein is heterogeneous and rough and covered 
by a shell of annual lipids acting as solvent for the protein [10].The lipids in this shell, which 
directly interact with the protein, experience essential physical interactions such as 
hydrogen bonds, - and cation- interactions, electrostatic and van der Waals forces [14]. 
But the mutual influence of lipids on proteins goes beyond a single annulus of next-
neighbor boundary lipids [15]. It is well known that the chemical/physical nature of the lipid 
membrane can strongly modulate the function of membrane proteins [2,4,5]. Thus, 
membrane curvature forces [15] and hydrophobic mismatch [16] represent concepts that 
consider a mesoscopic approach to membrane lipid-protein interactions in terms of elastic 
membrane deformations [14].  
Both mechanisms of lipid-protein interaction, either via specific interactions with the lipids 
of the first layer or elastic membrane deformations, can be studied by solid-state NMR 
spectroscopy. In Fig. 1, a schematic overview of the parameters relevant for lipid-protein 
interaction that can be studied by solid-state NMR is given.  
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Preparations of membrane reconstituted proteins represent challenging NMR samples 
because of the high degree of molecular dynamics. The lipids in membranes in the liquid 
crystalline phase are highly dynamic and show motions on several time scales, including 
large amplitude motions, which sufficiently scale down anisotropic NMR interactions such 
that even well-resolved 1H NMR spectra can be recorded under magic-angle spinning (MAS) 
conditions [17]. Membrane proteins are also dynamic molecules but timescales and 
geometry of these motions are typically not compliant with high resolution MAS NMR. To 
study membrane proteins, usually 13C or 15N cross-polarization MAS NMR methods under 
high power decoupling are employed [18]. Thus, studying lipid-protein interactions by solid-
state NMR utilizes both approaches and methodological development has to adapt the 
technique to the specificity of the interface between highly mobile lipids and less mobile 
proteins.  
 
Figure 1. Schematic overview of the two principle approaches to study lipid-protein interactions in 
membranes by solid-state NMR spectroscopy. Key properties that can be probed are exemplified.  
In what follows, a short overview over the solid-state NMR technique will be given. Then, 
the individual methods developed to study the influence of proteins on the lipid membrane 
and direct lipid-protein contacts are introduced. We continue with examples from the 
recent literature that summarize the capability of the method, before we conclude with 
some limitations of the current technology. Overall, solid-state NMR spectroscopy has 
continuously developed for more than 40 years and established itself as an indispensable 
tool to study lipid-protein interactions in many fields of biological sciences.  
2. Solid-State NMR Methodology 
2. 1. Short Introduction into Solid-State NMR Spectroscopy of Lipid Membranes 
and Membrane Proteins  
Biological membranes are complex interfaces of restricted geometry and constraint 
mobility of the molecules forming the membrane. The building principle of these structures 
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is the hydrophobic effect [19], which results in the clustering of hydrophobic segments of 
lipids and proteins due to the release of water from these molecular moieties, which 
increases the water entropy and decreases the free energy of the assembly. This creates 
the typical bilayer structure, where lipid headgroups and polar protein segments face the 
aqueous phases on either side of the membrane and the hydrophobic moieties of the 
membrane forming molecules build the membrane interior. It should be emphasized, 
however, that this assembly is highly mobile and the degree of molecular order especially in 
the lipid phase is very low. Intense research over the last 15 years has revealed the high 
degree of molecular dynamics and disorder of lipid membranes, in particular using 
diffraction techniques [1,20], solid-state NMR spectroscopy [21-24], and molecular 
dynamics simulations [20,25,26]. The molecular dynamics of the membrane comprises fast 
segmental motions on the picosecond time scale [25,27], whole body lipid rotations and 
tilting on the nanosecond time scale [28,29], and lateral diffusion of the lipids with diffusion 
coefficients on the order of 10-10 - 10-12 m2/s [30]. Also membrane proteins [31-34] and 
membrane-associated proteins [35,36] are recognized as highly mobile molecules. Protein 
motions include fast segmental motions on the nanosecond time scale, rotational and 
tilting motions of entire membrane proteins on the microsecond time scale, and lateral 
diffusion featuring diffusion coefficients on the order 10-12 m2/s and larger [37].  
In spite of this comprehensive molecular dynamics, from the NMR point of view, biological 
and model membranes are solids and consequently do not provide highly resolved NMR 
spectra. While in solution, rapid isotropic motions with correlation times of a few 
nanoseconds average anisotropic interactions to zero, the molecular motions in 
membranes are anisotropic and substantial residual anisotropic interactions remain. This is 
illustrated for the NMR chemical shift, which is the most central experimental parameter 
determined in NMR spectroscopy. As seen from eq. (1), the expression for the NMR 
chemical shift has two contributions, the well-known isotropic chemical shift from solution 
NMR (iso) and an anisotropic component relevant to all solid-state NMR techniques (aniso) 
[38,39]:  
   2cossin1cos3
2
22
0isoanisoiso B .  (1) 
In the first term, iso is the isotropic chemical shift that provides a measure of the influence 
of the local electronic environment of a specific nucleus on the Larmor frequency. The 
symbols  and B0 are the gyromagnetic ratio (a constant for a given nucleus) and the 
external magnetic field, respectively. The second term in eq. (1) considers the fact that the 
electronic environment of a nucleus in a given chemical structure is not isotropic, which 
arises from the specific structure and nature of the chemical bonds and chemical groups in 
the direct vicinity of the nucleus. Consequently, the screening of the external magnetic field 
depends on the orientation of a molecule within this field, thus, the screening of the 
nucleus in the anisotropic electronic environment is most conveniently described by the 
second rank tensor of the chemical shift [38,39]. This tensor is diagonal in the principle axis 
system and the angles  and  represent the polar angles that position the principle axis 
system of the chemical shift tensor in the laboratory frame, where B0 is along the z 
direction. The symbols  and  are the anisotropy parameter and asymmetry parameter of 
the chemical shift tensor, respectively.  
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Figure 2. Simulated 31P NMR spectra of phospholipids in solution, bilayers, and crystals. Isotropically 
mobile phospholipids in solution provide narrow 31P NMR lines at the isotropic chemical shift 
iso = 2 ppm) of the respective lipid (A). Liquid-crystalline membranes, macroscopically oriented with 
the membrane normal parallel (B) and antiparallel (C) to the external magnetic field show narrow 31P 
NMR lines at an anisotropic chemical shift of around iso + 30 ppm (B) or iso -15 ppm (C) depending on 
the orientation. Phospholipids in multilamellar vesicles in the liquid-crystalline phase state show 
spectra with a continuous intensity distribution according to the orientation of each molecule relative 
to the external magnetic field according to eq. (1) (D). Note that due to the axially symmetric rotation 
of the molecules in the bilayer the asymmetry parameter  = 0. Crystalline phospholipids in the 
absence of water that undergo no molecular dynamics give rise to very broad NMR spectra 
representing the full width of the chemical shift anisotropy tensor (E). The dotted line indicates the 
isotropic chemical shift for the respective lipid. 
Eq. (1) illustrates the most important difference between solution and solid-state NMR 
spectroscopy: while the chemical shift in solution is a truly isotropic quantity, the NMR 
frequencies acquire a dependence on the orientation of a molecule in the magnetic field 
when the molecular motions are not isotropic on the fast time scale or completely absent. 
This shall be illustrated on the 31P NMR line shapes of phospholipids in various preparations 
shown in Fig. 2. Phospholipid molecules in organic solvent undergo fast isotropic motions, 
which lead to the complete averaging of the anisotropic part of the CSA tensor and a 
narrow line is detected at the isotropic chemical shift of iso = 2 ppm (A). Next, we consider 
a lipid membrane in the liquid-crystalline phase state, where the molecules undergo fast 
axially symmetric motions leading to a partial averaging of the chemical shift anisotropy 
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tensor such that the asymmetry parameter  = 0 and the anisotropy parameter  
represents a motionally scaled value of   = 30 ppm [40]. In this situation, only the angle  
in eq. (1) has to be considered. If one prepares membranes between glass plates with the 
long axis of the lipids parallel to the external magnetic field,  = 0° and a single line arises at 
a chemical shift of  = iso + 30 ppm (B). Thus, the chemical shift now explicitly contains the 
orientation of the molecule in the magnetic field. If the glass plates with the oriented 
membranes are tilted by  = 90° with respect to the B0 field, eq. (1) yields a single line with 
a chemical shift of  = iso -15 ppm (C). Again, the NMR spectrum carries an explicit 
orientation dependence, although the chemical nature of the molecule investigated is 
exactly the same as in solution. Next, we consider a spherical phospholipid vesicle in the 
liquid crystalline phase state. The diameter of this vesicle is large enough so that lateral 
diffusion does not lead to an averaging of the anisotropic effects (d > 100 nm). In this 
situation, all orientations of the phospholipids are found and for the calculation of the NMR 
spectrum of such vesicles, all orientations, i.e. all possible  angles have to be considered, 
which is done by the integration of eq. (1) according to    dsin  (due to the fast 
axially symmetric reorientation of the phospholipids,  = 0 and the angle  does not have to 
be considered). This leads to a broad NMR signal called powder spectrum as shown in Fig. 
2D. Finally, we consider crystalline phospholipids in the absence of all motions. Under these 
circumstances, no motional averaging narrows the NMR powder pattern and both  and  
angles have to be considered for the calculation of the NMR spectrum according to 
   ddsin, . The resulting powder spectrum now covers a much larger spectral 
region and provides a distinctly different line shape (Fig. 2E). As seen from Fig 2(B-E), NMR 
powder spectra contain a wealth of information with regard to the structure and 
orientation of molecules in the magnetic field, which can be directly deduced from the 
spectra (vide infra).  
While NMR powder spectra and anisotropic chemical shifts contain a multitude of 
structural and dynamical data, they also feature a significant disadvantage. Due to the large 
chemical shift span, NMR powder spectra occupy a significant portion of the chemical shift 
range and typically only the superposition a few such powder spectra can be analyzed. For 
larger molecules with many nuclei of the same kind, powder NMR spectra are typically not 
useful as they consist of a featureless broad overlay of individual powder patterns. Clearly, 
achieving high resolution in solid-state NMR would be very advantageous. One way to 
convert the broad powder spectra into relatively narrow NMR lines is the macroscopic 
orientation as discussed above. For studying membranes and membrane proteins, this 
technique indeed provides relatively narrow NMR spectra [41,42]. Individual peaks of the 
amides in 15N NMR spectra or individual lipid classes in the 31P NMR spectra can often be 
resolved in that way [42]. However, it should be noted that the chemical shifts observed for 
oriented samples represent the anisotropic chemical shift values for a specific set of  and  
angles according to eq. (1) in spite of the fact that narrow NMR lines are detected. These 
anisotropic chemical shifts do provide information about the orientation of a specific 15N 
amide tensor and thus about transmembrane or surface bound -helices, but not about the 
secondary structure as isotropic chemical shifts do [43]. Care should be taken when 
preparing oriented membrane stacks with membrane proteins and the orientation should 
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always be tested in simple 31P NMR experiments as it is often experimentally difficult to 
achieve good orientation of larger membrane proteins in such preparations.  
 
Figure 3. Simulated proton decoupled 15N solid-state NMR spectra of a membrane protein with two 
amino acids 15N-labeld. (A) static 15N NMR spectra showing the superposition of the two anisotropic 
powder patterns. Magic-angle spinning with a frequency of 2.5 kHz converts the powder pattern into 
the center band and a series of narrow lines (B) Fast MAS at a frequency of 10 kHz removes all 
sidebands providing an NMR spectrum with the two peaks at their isotropic chemical shift (C). 
Simulations were done for a 15N resonance frequency of 61 MHz.  
A very elegant and experimentally straightforward way of obtaining narrow NMR spectra of 
membranes and membrane proteins is magic-angle spinning (MAS) [44]. Here, the sample 
is contained in a cylindrical rotor and oriented at an angle of 54.74° with respect to the 
external magnetic field. By MAS, all spatial spherical tensor components of the CSA 
Hamiltonian (and of all other second-rank tensors relevant in NMR) are averaged to zero. 
Thus, all anisotropic broadenings are eliminated and one can obtain the structural 
information contained in the isotropic chemical shifts [43]. In a nutshell, one can think of 
MAS as emulating the fast isotropic molecular tumbling of the molecules as it occurs in 
solution. For a full mathematical description of MAS, the reader is referred to literature 
[38,39,45]. In simple terms, any rotation of the sample about an angle r with respect to the 
external magnetic field results in a scaling of the anisotropic chemical shift, which can be 
depicted in the following formula [38]: 
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For r = 54.74°, all anisotropic chemical shifts vanish and the NMR frequency detected 
under MAS conditions equals the isotropic chemical shift. For spinning off the magic angle, 
residual anisotropic components remain. An example for the effect of MAS on the 15N NMR 
spectrum of a membrane protein with two 15N labeled amides is shown in Fig. 3. In the 
static case, each amide gives rise to a characteristic 15N NMR powder spectrum but it is 
already difficult to determine the individual features of each powder pattern in the 
superposition of the two spectra (A). Introduction of MAS at a slow rotational frequency 
converts the powder spectrum into a series of narrow peaks, which occur at the isotropic 
chemical shifts of each site (center bands) and a series of spinning sidebands at integer 
multiples of the rotational frequency (B). The intensity envelop of these sideband patterns 
resembles the static powder spectrum. Faster MAS redistributes all sideband intensity into 
the center band and at a rotational frequency that exceeds the width of the anisotropic 
chemical shift, only the two isotropic signals are detected (C).  
MAS is the by far most used solid-state NMR method for the investigation of membrane 
proteins and membranes. In principle, many of the successful methods known from 
solution NMR spectroscopy can be used for assignment, structure determination, and 
investigation of intermolecular interactions under MAS conditions [46-49]. However, there 
is one fundamental principle difference. While 1H is almost always detected in solution 
NMR, the use of the protons in solid-state NMR is limited to cases where the molecules 
remain highly mobile as relatively small molecules in membranes [22] or by applying MAS 
frequencies that exceed 60 kHz [50]. The latter is often not practical for the investigation of 
membranes and membrane proteins as very small MAS rotors are used to achieve high 
spinning rates that cannot accommodate much sample. Thus, for most MAS applications, 
nuclei such as 13C, 15N, 19F, or 31P are detected, which often necessitates isotopic labeling of 
the molecules of interest. Further, MAS spectra of these nuclei must be detected under 
application of high power proton decoupling, as the applied MAS frequencies are typically 
not sufficient to average out the dipolar couplings of the highly abundant and strongly 
coupled protons. For MAS investigations of membranes and membrane proteins, MAS 
rotors with a diameter of 3.2 or 4 mm are most often used, which provide a sample volume 
of ~20-70 µl.  
While the dipolar coupling between the nuclei of interest and the abundant protons often 
represents an unwanted complication of the experiment that is abolished by decoupling, 
dipolar couplings between nuclear spin pairs are very valuable quantities as they depend on 
the distance between the interacting nuclei. For an isolated spin pair, the z component of 















,  (3) 
where 0 is the free magnetic inductivity, A and B are the gyromagnetic ratios of nuclei A 
and B, respectively,  is Planck’s constant divided by 2, and  is the angle between the 
internuclear distance vector and B0. Clearly, the dipolar coupling depends on the third 
power of the nuclear distance vector rAB, which can be directly determined from a 
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measured dipolar coupling. Thus, dipolar couplings, measured between nuclei on protein 
and lipid, respectively, are a direct measure of protein-lipid interaction.  
Finally, the quadrupolar interaction of the deuterium nucleus has commonly been exploited 
to study lipid-protein interaction in membranes. 2H is a nucleus with a spin 1 and a 
relatively small quadrupolar coupling constant. Further, numerous deuterated lipids and 
amino acids are commercially available and deuterated proteins can also be expressed in E. 
coli relatively easily [51]. Thus, static 2H NMR spectra have widely been acquired to study 
the influence of membrane proteins on the lipid membrane [52]. The quadrupolar 
interaction of 2H is caused by the interaction of the quadrupolar moment of the nucleus 
with the electric field gradient of the chemical bond, which gives rise to a quadrupolar 












.  (4) 
Here, e2qQ/   represents the quadrupolar coupling constant (167 kHz for 2H in the C-2H 
bond) and  is the angle between the membrane normal and the external magnetic field. 
SCD is the segmental order parameter of the chemical bond. The quadrupolar interaction is 
strongest of the NMR interactions and for a 2H nucleus in a rigid environment, a 
quadrupolar splitting of 125.25 kHz is measured. In membrane applications, both the 
orientation of the chemical bond with respect to the external magnetic field and the 
molecular dynamics of the bond vector scale the interaction such that only a fraction of the 
full quadrupolar coupling is detected. From the detected quadrupolar coupling, the 
orientation and the dynamics of the molecule in the membrane can be determined and has 
widely been done in the field of membrane biophysics [42,55,56]. 
With this short summary, the underlying principles of NMR have been sketched. In what 
follows, we shall introduce the main methods used to study the interaction of membrane 
lipids with proteins by solid-state NMR. We will distinguish between methods that allow 
studying the influence of proteins and peptides on the lipid membrane and techniques that 
directly detect the interaction between proteins and lipids.  
2.2. Solid-state NMR techniques to Study the Influence of Proteins on Lipid 
Membrane Properties 
Internal and membrane-associated proteins do influence the properties of the membrane. 
This is related to the specific interactions between lipids and proteins [2,15,57], alterations 
of the lateral pressure profile of the membrane, differences in the hydrophobic thickness 
between membrane and protein referred to as ‘hydrophobic mismatch’ [16], the elastic 
properties of the membrane, or by inducing local curvature in the lipid phase, which has 
consequences for the phase state of the membrane [15]. Many of these properties can be 
investigated by solid-state NMR spectroscopy.  
2.2.1 31P NMR Spectroscopy to Study the Influence of Proteins on Membrane Phase 
and Structure 
31P is an extremely useful nucleus for studying lipid membranes. With a natural abundance 
of 100% and just a single occurrence in most phospholipid species, 31P has long been used 
as a probe for membrane phase state and structure [40,58,59]. Static 31P NMR spectra 
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showing a powder pattern indicative of an axially symmetric CSA tensor with a span of 
 = ~35-55 ppm confirm the presence of a lamellar liquid crystalline membrane phase 
state for lipid-protein preparations (see Fig. 2D) [60]. Narrow lines at the isotropic NMR 
frequency, which are superimposed with the powder spectra indicate the presence of 
highly mobile lipids in the membrane protein preparation and may suggest non-perfect 
protein reconstitution [61,62]. Furthermore, proteins can influence the phase state of the 
membrane, and 31P NMR spectra are characteristic for lamellar, inverse hexagonal, and 
isotropic phases [59]. Deconvolution of the 31P NMR spectra can quantitatively determine 
the relative proportion of these lipid phases of a respective preparation as a function of 
time [63,64]. 
31P NMR is also a very reliable technique to probe the degree of orientation and mosaic 
spread in oriented membrane preparations [42,65]. More recently, 31P NMR spectra that 
show non-perfect orientation of the lipids in the presence of antimicrobial peptides have 
been interpreted in terms of peptide induced membrane thinning or the formation of 
toroidal pores [66]. As observed in many studies, oriented 31P NMR spectra in the presence 
of antimicrobial peptides show low intensity peaks at anisotropic chemical shifts that are 
indicative of non aligned lipids [42,67,68]. Such structures can be induced from 
phospholipids residing in thinned membranes or pore structures. The effect of membrane 
thinning can be observed since a portion of the peptide-bound thinned bilayer represents 
an area of high curvature and, therefore, shows a different orientation and consequently an 
altered anisotropic chemical shift. Through this method, peptide-induced membrane 
thinning of 0.5 – 2.5 Å can be observed [69]. For the analysis, 31P NMR spectra are 
calculated that also consider the lateral diffusion of lipids in the thinned membranes [66]. 
Also, lineshape factors that take into account the anisotropic frequency distribution of 31P 
NMR spectra of lipids that are located in elliptical toroidal pores have been derived [66,69]. 
Thus, with these recent innovations, the relatively ‘old’ 31P NMR technique has been 
extended to report on the influence of peptides and proteins on local membrane structure 
and pore formation.  
Finally, 31P MAS NMR spectroscopy has also been used to investigate the influence of 
membrane binding peptides on the isotropic chemical shifts of the phospholipids through 
direct protein-lipid contacts [70,71]. Peptide induced changes of the individual lipids in 
mixtures of POPC, POPE, and cardiolipid could be observed as these signals were 
sufficiently separated. Addition of an N-terminal peptide from the apoptotic Bax protein 
lead to distinct chemical shift changes of the POPC and cardiolipin lipids but not of POPE 
[70]. The shifts in the isotropic lipid signals was explained by the ring current effect induced 
by a Phe residue in the peptide and electrostatic interactions between peptide and the 
negatively charged cardiolipin [70]. 
2.2.2. 2H NMR Spectroscopy to Investigate the Impact of Proteins on Membrane 
Packing and Lipid Dynamics 
2H is an extremely useful nucleus to study the influence of membrane proteins and peptides 
on lipid membranes. These days, quite large selections of lipids with specific deuteration in 
different molecular segments or even almost perdeuterated lipids are commercially 
available including the major phospholipid species, sphingolipids, gangliosides, or 
cholesterol. Thus, the impact of membrane proteins on individual lipids in complex 
mixtures can be investigated by using the deuterated form of the lipid of interest keeping 
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the other components of the mixture non-deuterated. The 2H quadrupolar interaction is 
fairly large to outnumber all other NMR interactions such that clean 2H NMR spectra that 
show the sole characteristics of the 2H probe in the respective molecular segment are 
detected, which are straightforward to interpret. While in previous years the influence of 
membrane proteins on lipid headgroup structure has been studied extensively [37], more 
recently 2H NMR of chain deuterated lipids makes the largest portion of the studies. Such 
experiments can be either carried out in multilamellar vesicles with the protein of interest 
reconstituted in the membranes or in oriented membrane stacks [42]. Chain perdeuterated 
phospholipids give rise to characteristic 2H NMR spectra that represent the superposition of 
several Pake doublets, each of which can be assigned to a methylene segment in the lipid 
chain [53]. From these powder patterns, order parameter plots along the lipid chains are 
derived and the influence of proteins or peptides on these order parameters is analyzed. As 
the amplitude of the segmental motions in the lipid chains increases towards the chain end, 
the order fluctuations increase and consequently smaller order parameters are detected. 
2H order parameters can be measured very precisely and already small order variations can 
be interpreted with regard to alterations in membrane curvature, lipid packing, lipid chain 
length, and area per molecule [15,72-75]. Especially -helical peptides have a profound 
effect on membrane structure: amphipathic helices insert into the lipid water interface of 
the membrane and typically increase order of the upper chain segments of the lipids but 
disorder the lower segments [76]. Transmembrane -helical peptides often induce 
membrane curvature [15] or membrane hydrophobic mismatch [16] indicated by 
characteristic changes in the order parameters. Furthermore, 2H order parameters reflect 
the elastic properties of the membrane and can be used to study the influence of 
membrane proteins on these properties [73,77-79]. Numerous examples exist in the 
literature reporting on the influence of membrane proteins and peptides on the membrane 
lipids studied by 2H NMR [80-88]. But also large membrane proteins influence the 
properties of the lipids in the membrane as intensely investigated for GPCRs like rhodopsin 
[14,15,89,90], VDAC [91], or the H+-ATP synthetase subunit c [92].  
The same order parameters can also be determined by measurement of the motionally 
averaged 1H-13C dipolar couplings using various separated local field experiments under 
MAS conditions. The molecular vector, which fluctuates and gives rise to averaged 2H 
quadrupolar or 1H-13C dipolar couplings is identical and thus identical order parameters are 
determined. The time scales of both experiments is also similar (<1 µs) and thus 
comparable information can be determined. The determination of dipolar couplings is 
advantageous when phospholipids with (specific) deuteration are not available. Examples 
of the recent literature include studies of the membrane disordering effects of an islet 
amyloid polypeptide [93], -synuclein [94], and MSP containing nanodisks [95].  
2.2.3. Measurement of Lipid and Peptide Diffusion in Membranes  
An other parameter of lipid membranes that can be influenced by lipid-protein interaction 
is the lateral diffusion of the membrane lipids. As in solution, diffusion in the membrane 
depends on the size of the diffusing particle and consequently, peptides, proteins, and 
lipids show clearly different diffusion coefficients. Strong interaction between lipids and 
proteins or peptides can lead to a decrease in later lipid diffusion, which then can provide a 
measure for lipid-protein interaction. There are several NMR techniques to measure lateral 
diffusion in membranes, which have recently been reviewed [96]. A popular method is to 
 
Daniel Huster  Page 11/37 
 
 
Biochimica et Biophysica Acta (Molecular and Cell Biology of Lipids), provided by University 
Library Leipzig [2015] 
measure lateral lipid diffusion rates in membranes is the application of pulsed field 
gradients (PFG) in an echo NMR experiments, which renders the NMR signal diffusion 
dependent. For diffusion measurements by PFG NMR, the high  1H nuclei have to be 
detected, which provides the advantage of spectral resolution allowing to resolve diffusion 
rates for several molecules in the membrane [30,75]. However, larger molecules are 
characterized by strong 1H-1H dipolar interactions, which deteriorates spectral resolution. 
Two approaches have been developed to circumvent this problem, on is the combination of 
PFG NMR with MAS [97] or the macroscopic alignment of the lipids between glass plates 
[98]. Alternatively, two-dimensional exchange spectroscopy (EXSY) using 31P NMR has been 
employed to study lateral lipid diffusion either in static samples [99] or by using the CODEX 
MAS NMR technique [100]. The latter methods do not require the application of pulsed 
field gradients and can be implemented on standard NMR spectrometers with a standard 
MAS probe. The CODEX NMR technique is also more sensitive than the static EXSY 
technique that detects powder NMR line shapes.  
Although a quite useful technique, there have not been very many papers on the influence 
of membrane proteins or peptides on the lateral diffusion of the membrane lipids 
[101,102]. Orädd et al. have studied the influence of the artificial antimicrobial peptide 
CNY21 on lipid diffusion in POPC membranes and found that the peptide that penetrates 
the lipid membrane slows down lipid diffusion [103]. The reduction of the lipid diffusion 
coefficients in the presence of the peptide was attenuated in the presence of cholesterol.  
2.2.4. The Influence of Membrane Proteins on Lipid Dynamics Measured by Relaxation 
Briefly, we will mention that membrane proteins and peptides also influence the dynamic 
properties of the lipids and this effect can be monitored by measuring nuclear relaxation 
rates. As mentioned in the beginning, the lipids in a membrane are highly dynamic 
molecules that undergo large amplitude motions on several time scales [42,47]. While the 
amplitudes of these motions are easily determined by the 2H or 1H-13C order parameters 
(vide supra), the measurement and analysis of spin relaxation rates represents a less used 
technique. Excited spin states relax back to equilibrium in a stochastic process that can be 
characterized by a specific time constant called relaxation time. Thus, molecular 
reorientations, fluctuations, internal motions, or chemical exchange influence relaxation 
rates and the analysis of the latter provide a detailed picture of the correlation times and 
amplitudes of these specific motions. Most useful for studying the influence of proteins on 
lipid motions are the relaxation rates of 2H and 13C. Especially for 2H relaxation of Zeeman 
(R1Z) and quadrupolar order (R1Q), the theory has been worked out in particular for oriented 
membrane preparations [28,29,104]. For 13C relaxation typically detected under MAS 
conditions, modified Lipari-Szabo approaches are useful [36,105]. Nevertheless, only few 
reports are found in the literature, for instance on the influence on rhodopsin on lipid 
relaxation rates [106]. What is observed very often, but rarely analyzed quantitatively is the 
fact the in the presence of membrane proteins, the NMR signals of the lipids become 
broader due to an increase in the correlation time of lipid motion, which decreases T2 
relaxation, which is observed in an increase in line width [60,85,95,107]. 
2.3. Solid-State NMR Methods for the Direct Investigation of Protein – Lipid Interaction 
Traditionally, the power of NMR lies in the ability to directly observe the interaction 
between nuclei in both intra- and intermolecular structures. This general virtue of NMR is 
also exploited in the investigation of protein-lipid interactions. Starting with the nuclear 
 
Daniel Huster  Page 12/37 
 
 
Biochimica et Biophysica Acta (Molecular and Cell Biology of Lipids), provided by University 
Library Leipzig [2015] 
Overhauser effect (NOE) between protons and dipolar recoupling of interacting spins of 
lipids and proteins, new methods based on spin diffusion, the interaction of nuclear spins 
with electron spins, or the transfer of magnetization have been developed in the last 15 
years that allow to investigate the interaction between proteins an lipids rather directly and 
quantitatively. All these methods utilize MAS, which allows resolving the NMR signals of 
membrane lipids as well as those of the protein.  
2.3.1. Nuclear Overhauser Enhancement Spectroscopy (NOESY) of Peptide-Lipid 
Dispersions 
The basis for most NMR structure determination is the nuclear Overhauser effect (NOE), 
which allows the determination of 1H-1H distances of up to 5 Å [108]. An NOE can also be 
observed between membrane bound peptides and lipids [17,109]. However, a few 
alterations to the use of the NOE in the determination of the structure of proteins or 
nucleic acids in solution apply [110]. First, the most important point to remember is that 
the NOESY experiment in lipid-peptide studies detects intermolecular contacts. Even within 
lipid membranes, NOESY derived cross-relaxation rates represent mostly contributions from 
intermolecular contacts [22], which can occur between molecular segments that might be 
separated by 20 Å or more [23,25]. Due to the high molecular dynamics in lipid membranes, 
NOESY contacts cannot be interpreted as fixed distances but rather represent a distribution 
of distances that are modulated by various correlation times that represent the multitude 
of molecular motions in lipid membranes [25]. Due to the r-6 dependence of the NOESY 
cross-relaxation rates, the shortest distance between interacting spins will contribute the 
largest portion to the effect. Thus, NOESY cross-relaxation rates can be considered as 
contact probabilities between the segments of the interacting molecules and should never 
be interpreted as fixed distances between lipids and peptides [22].  
Second, NOESY interaction studies between peptides and membrane lipids require 
application of fast MAS (r/2 > 10 kHz) and only work well for relatively mobile small 
peptides of no more than 10 to 15 residues [17,111]. The reason for this limitation arises 
from the fact that the very dense 1H network in the peptide of interest represents a 
complicated homogeneous dipolar interaction that can only be averaged out by MAS with a 
frequency that exceeds the interaction strength, which is on the order of 50 kHz. While 
such MAS rates can be achieved in small MAS rotors, these containers only contain a very 
small volume and often are not practical for the investigation of aqueous lipid-peptide 
dispersions. However, peptides that remain sufficiently mobile in the membrane or at the 
membrane surface often undergo axially symmetric reorientations and, therefore, the 
dipolar broadening is reduced to an inhomogeneous broadening, which can be averaged 
out at lower MAS frequencies [17] and thus lipid-peptide interactions can be observed. 
A third complication arises from the fact that the lipid-protein ratio in the sample favors the 
detection of the lipid rather than the peptide signals, the latter being broadened due to 
efficient relaxation processes in the less mobile membrane peptides. While deuteration of 
the phospholipids partially solves this problem, the NOESY NMR method is more suited to 
study the localization of small molecules in the membrane [112-115] and has only been 
used in selected cases for peptide-lipid interactions. Some studies have also used 1H-1H 
recoupling techniques during the mixing time to improve the intensity of the lipid-peptide 
cross peaks [116-118]. 
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For example, the localization of a lipid-modified heptapeptide representing the membrane 
anchor of the human N-Ras protein has been investigated in almost perdeuterated DMPC-
d67 membranes [119,120]. In these experiments, backbone and side chain signals of the 
peptide could be assigned in the 1H MAS NMR spectra and NOEs between the undeuterated 
glycerol and upper chain segments of the phospholipids were observed. Much weaker 
NOEs to the lipid chain ends indicated a localization of the very mobile Ras peptide in the 
lipid-water interface of the membrane.  
2.3.2. Spin Diffusion from Lipids into Membrane Proteins  
From the last section, it is obvious that the detection of the abundant 1H nuclei of 
membrane proteins is much less straightforward than in soluble proteins. Therefore, in 
solid-state NMR studies of membrane proteins and for the detection of lipid-protein 
contacts, most often the heteronuclei (13C, 15N, or 31P) are detected unless the protein of 
interest is highly deuterated [51]. One way of studying lipid-protein interaction is the 
detection of magnetization on the protein that originates from the lipids of the membrane 
and diffuses into the protein by spin diffusion. Thus, techniques that detect lipid originated 
magnetization on the protein directly represent a simple yet useful tool to observe lipid-
protein interaction.  
This technique was first demonstrated in 2002 using a pulse sequence that creates selective 
magnetization on the phospholipid molecule that is transferred into the protein by 1H spin 
diffusion [121]. Magnetization is transferred to 13C, 15N, or 31P in a short CP or Lee Goldburg 
CP step [34]. Only protein magnetization is detected that was transferred from the lipid, 
which, thus, represents a true measure of protein-lipid interaction. The experiment can be 
carried out in a two-dimensional fashion, such that the 1H dimension is incremented before 
the spin diffusion period. Thus, the source of spin diffusion (i.e., the molecular segment of 
the individual lipid species, from which spin diffusion is originated) as well as the sink (i.e., 
the protein segment that receives the magnetization) the can be determined. This 
experiment was first demonstrated on the channel domain of the membrane toxin colicin Ia 
[121]. As this membrane protein contains a transmembrane segment, spin diffusion build 
up into the protein is fast as oppose to a protein that is only surface bound. In the latter 
case, much slower spin diffusion build up is observed as magnetization has to travel within 
the lipid, which is a slow process due to the molecular dynamics that weakens the dipolar 
couplings [122].  
Spin diffusion from lipid into membrane proteins or peptides has been excessively used 
mostly to detect the topology of antimicrobial and fusion peptides [64,123-126] and 
segments of larger membrane binding proteins such as GCAP-2 [127]. Further, interactions 
between POPC in the lipid-protein boundary to the membrane scaffolding protein in 
nanodisks have been observed in a 3D version of the spin diffusion experiment [128]. 
The direct interaction between lipids and the S1-S4 voltage sensing domain of an 
archaebacterial voltage-activated potassium channel have been investigated [129]. In 15N 
detected spin diffusion experiments, the interaction of the amides as well as the side chains 
of Arg residues of the voltage sensing domain with the membrane lipids (POPC and POPG) 
could be shown. Lys residues showed much weaker interaction with the membrane 
interior. However, due to strong signal superposition between the PC and PG in the 
membrane, the interaction between the protein and either of the lipid species could not 
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further be specified. However, when the S1-S4 domain of Kv was reconstituted into DOTAP, 
a positively charged model lipid that lacks the phosphodiester group, somewhat slower spin 
diffusion build up from the lipid into the amides and in particular into the Arg N side chain 
was observed [129]. Nevertheless, the structural integrity of the protein in DOTAP 
membranes was confirmed.  
2.3.3. The Investigation of Lipid-Protein Interactions by Saturation Transfer NMR  
The well-established concept of measurement of saturation transfer from soluble proteins 
to a ligand in solution [130] can also be exploited for the study of lipid-protein interactions 
in membranes [14]. In saturation transfer experiments in membranes, magnetization from 
the lipid is transferred to the membrane protein. Membrane protein resonances are 
selectively saturated and the transfer of magnetization due to spin diffusion to the bound 
lipids is observed. The lipid-protein contacts are then detected through intensity changes of 
the lipid resonances and typically a saturation transfer difference (STD) spectrum is 
analyzed. Lipid segments or lipid species that are strongly interacting with the protein are 
identified in the STD spectrum while non-interacting molecules show no intensity. From 
these spectra, rates of magnetization transfer can be determined that quantify the 
interaction strengths. Transferred magnetization on the interacting lipids can be detected 
via 1H, but can also be transferred to 13C for better resolution or to 31P to distinguish 
between lipid species provided they can be resolved in a 1D NMR spectrum.  
Very nice applications of this technique have been demonstrated for phospholipid-
rhodopsin interactions ([131,132], vide infra) and for the interaction of S1-S4 domain of Kv 
with lipids [129]. 
2.3.4. The Investigation of Lipid-Protein Interactions by Dipolar Coupling Measurement  
As clear from eq. (3), there is a simple relationship between the dipolar coupling between 
neighboring nuclei and their distance; thus, dipolar coupling measurement in solid-state 
NMR represents a direct way of studying lipid-protein interactions. A technical difficulty 
arises from the fact that the detection of highly resolved spectra of lipids and proteins in 
the membrane necessitates application of MAS, which averages out the dipolar couplings of 
interest. This complication has been overcome by the recoupling of the spin interaction of 
interest allowing to observe selected dipolar couplings or other anisotropic parameters that 
are averaged by MAS [133,134]. Such measurements are best carried out as two-
dimensional separated local field experiments that allow detecting the highly resolved MAS 
spectrum in one dimension and the NMR spectrum that features the classical line shapes of 
the anisotropic interactions in the other [135]. The prototypes of experiments for homo- 
and heteronuclear dipolar coupling measurements are rotational resoncance [136] and 
REDOR [137], respectively. In such experiments, 13C-15N and 13C-13C distances of up to ~4.5 Å 
and ~6 Å can be detected, respectively. For the interaction of lipids and proteins, 
determination of 13C-31P contacts can be useful, which are measurable up to 7 Å due to the 
higher gyromagnetic ratio of 31P. In the last decade, M. Hong and K. Schmidt-Rohr also 
developed new NMR techniques that allow measuring 1H-X heteronuclear dipolar couplings 
of up to 8 Å while suppressing unwanted 1H-1H couplings [138]. Provided a 19F nucleus can 
be incorporated into the lipid or protein of interest without disturbing the membrane or 
protein structure, the distance that can be measured reliably can even exceed 10 Å. In 
addition to these dipolar coupling measurements, methods that use selective 
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depolarization of protein magnetization by lipids have been developed for the observation 
of lipid-protein interactions [139]. 
There are numerous examples in the literature that document the usefulness of direct 
dipolar coupling measurements for lipid-protein or lipid-peptide interactions in 
membranes. Recent examples include the study of peptide-lipid interactions of the 
antimicrobial peptides PG-1 [140,141], K3 [142], or lactoferrampin [143], a fusion peptide 
from HIV [144], the N-terminal region of the pore-forming toxin equinatoxin II [145], or cell-
penetrating peptides [68]. In particular, the formation of salt bridges between the lipid’s 
phosphate and the side chain of positively charged amino acids could be demonstrated 
[146]. 
While direct distance measurements via dipolar couplings ideally require isolated spin pairs, 
typically involving selective isotopic labeling, solid-state NMR experiments may also detect 
complex correlation maps of all interaction spins in a membrane protein similar to the 
NOESY experiment in solution. Such experiments can be carried out in either homonuclear 
or heteronuclear fashion and provide a fingerprint of the complex inter- and intramolecular 
dipolar interactions. Thus, also lipid-protein interactions can be probed in the membrane. 
The standard 13C-13C experiment utilizes proton-driven spin diffusion for magnetization 
exchange [147], but numerous recent developments have introduced various different 
mixing schemes utilizing recoupling [148]. While lipid molecules are often non-isotopically 
labeled, highly abundant, and in fast exchange between a free and a protein bound state, 
the detection of lipid-protein contacts in membrane proteins is challenging. However, non-
annular lipids, which bind to membrane proteins with high affinity and are also detected in 
crystal structures have been detected using 13C-13C correlation NMR experiments ([149] 
vide infra).  
2.3.5. The Interaction of Lipid-Attached Spin Probes with Membrane Proteins  
Paramagnetic enhancement of nuclear relaxation times in proteins is a method that has 
widely been used in structure determination of soluble proteins [150]. Also in solid-state 
NMR of membrane proteins, paramagnetic labels covalently attached to lipid molecules can 
be used to study lipid-protein interactions. The unpaired electron on the spin label induces 
fast relaxation of a nuclear spin on the protein, which gives rise to a paramagnetic 
relaxation rate that can be determined from a simple relaxation time measurement. This 
rate shows a r-6 dependence of the distance between electron and nuclear spins. As this 
intermolecular distance is fluctuating as a result of the high dynamics in lipid membranes, 
caution in the interpretation of distances is advised and the parameter is better interpreted 
as a general contact probability [151]. It should also be kept in mind that similar to lipid 
attached fluorescence labels spin probes also show a rather broad distribution functions in 
the membrane [152-154], which renders interpretation of paramagnetic relaxation rates 
difficult. Nevertheless, with the available spin labeled phospholipid [155] or the cholesterol 
analogs a number of lipid species are available for studying lipid-protein interaction in 
membranes [153]. 
While the technique of paramagnetic relaxation enhancement has been used to study the 
interaction of the voltage sensor domain from KvAP with phospholipids in phospholipid 
containing detergent micelles [156], application of this technique in lipid bilayers tend to 
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focus on smaller peptides. For instance, the membrane interaction of neuropeptide Y 
[157,158] or calcitonin [159] was studied. 
3. What has been Learned? 
After the general introduction of the methods used in solid-state NMR to study lipid-protein 
interaction in membranes, we will continue to discuss a few seminal examples, where these 
techniques have been used. We will confine the discussion to four examples from the 
recent literature that show individual aspects of lipid-protein interaction in membranes.  
3.1 The Interaction of the Ras Lipid Modifications with Lipid Membranes of 
Varying Thickness 
Membrane interaction is crucial for the human Ras proteins, which represent a molecular 
switch in several important signal transduction cascades in biology [160]. The lipid modified 
C-terminal membrane binding domain of the N-Ras protein forms a dynamic horseshoe like 
structure [36,161] and is localized in the lipid-water interface of the membrane [119]. 
Membrane binding of the protein is facilitated by insertion of a farnesyl moiety at Cys 186 
and a palmitoyl chain at Cys 181 into the membrane along with the membrane interaction 
of several hydrophobic resides [160]. This raises the question how deep these lipid 
modifications can reach into the membrane and how the membrane structure can 
influence the insertion process. The adaptation of the Ras lipid chains was studied in 
membranes of varying chain composition, including DLPC with a hydrophobic thickness of 
21.0 Å, DMPC (25.8 Å), POPC (28.6 Å), and DPPC/cholesterol (38.8 Å) [162]. Lipid chain 
order of the host membrane in the absence and in the presence of Ras as well as of Ras 
with a deuterated palmitoyl chain were determined using 2H NMR. While the lipid chain 
order of the membrane did not noticeably change in the presence of Ras, the 2H NMR 
spectra of Ras in the membrane underwent rather drastic changes in response to the 
various membrane environments. Relatively narrow 2H NMR spectra of the Ras chains were 
detected in DLPC, indicative of a highly disordered peptide lipid chain (Fig. 4A-C). In 
contrast, the Ras lipid modifications in the rigid DPPC/cholesterol membrane showed very 
broad 2H NMR spectra indicating a highly ordered lipid chain. Interestingly, the conversion 
of the 2H order parameters into chain lengths revealed that Ras adopted the length of its 
palmitoyl chain exactly to that of the surrounding host membrane irrespective of its 
hydrophobic thickness (see Fig. 4D). This showed that the Ras protein can vary the length of 
the palmitoyl chain between 8.7 and 15.5 Å to match the hydrophobic thickness of the 
surrounding membrane.  
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Figure 4. 2H NMR spectra of deuterated DLPC (A), deuterated DLPC-d46/ Ras (10:1) (B), and deuterated 
Ras-d66 in DLPC (C). Chain lengths of the phospholipids (black and gray) and Ras peptides (green) in 
host membranes of varying composition (30°C). 
What appears to be an interesting physicochemical chain matching phenomenon is also of 
biological importance. In the cell, Ras travels between the plasma and Golgi membranes 
and within different compartments of the plasma membrane with varying hydrophobic 
thicknesses. The lipid anchor on the N-Ras protein controls the fast and reversible 
distribution of the molecule over the various membranes [163]. Protein palmitoylation is 
also a raft targeting signal, and Ras is targeted to rafts as well [164]. The raft (liquid-
ordered, lo) and liquid-disordered (ld) domains of the membrane are characterized by 
different thicknesses [21,24]. 2H NMR, AFM, and fluorescence microscopy studies showed 
that Ras was localized in the ld domains of raft forming biological membranes and that a 
sizable portion of the protein was directly found at the interface between lo and ld domains. 
Thus, 2H NMR could identify the important influence of the membrane to the structure and 
dynamics of the Ras lipid chains that represent a prerequisite for the sorting and trafficking 
of the protein in cellular membranes.  
3.2. Membrane Interactions of the Cationic Antimicrobial Peptide Protegrin-1  
As one out of many examples in the literature for studies of the interaction of membrane-
active peptides with lipids, we will discuss recent work on the peptide protegrin-1 (PG-1). 
More detailed reviews on solid-state NMR studies of antimicrobial peptides have been 
published recently [165-167]. PG-1 is a cationic antimicrobial peptide found in porcine 
leukocytes that permeabilizes the lipid membrane of microbes and causes cell death [168]. 
The peptide structure and dynamics in the membrane has been intensely studied by solid-
state NMR in the group of M. Hong [122,123,165,169]. PG-1 assumes a -hairpin structure, 
which is stabilized by two intramolecular disulfide bridges. Furthermore, direct 
investigations of lipid-protein interactions have been reported. In the course of action, the 
antimicrobial peptide has to translocate across the cell membrane, which is energetically 
highly unfavored as the insertion of the positively charged sidechains into the membrane is 
energetically very costly [170,171].  
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Figure 5. Summary of 13C-31P REDOR distance measurements between PG-1 and membrane lipids. (A) 
Schematic sequence of PG-1, (B) exemplary 13C CPMAS NMR spectrum of Arg4 labeled PG-1 in 
POPE/POPG membranes, (C-E) 13C-31P REDOR dephasing curves of several labeled amino acids in PG-1 
showing the dephasing of C signal (C), CO signal (D), and C signal (E) with the respective distances to 
the phosphate group as determined from the fit. (F) Model of the guanidinium-phosphate complex for 
Arg11 showing the measured 13C-31P distances. A putative hydrogen bond between the guanidinium 
and phosphate groups is indicated as a red dotted line. Reprinted with permission from [169]. 
Copyright (2007) American Chemical Society. 
To understand the mechanism of this translocation, Hong and coworkers measured 13C-31P 
distances between the Arg-rich PG-1 and the phospholipids using 13C-31P REDOR techniques. 
Surprisingly, for all investigated residues, including two Arg scattered throughout the 
peptide sequence, short distances between the peptide and the phosphate groups of the 
phospholipids were found [169] (Fig. 5). Typical distances of peptide side chains as well as 
the backbone to the lipids were 4.0 to 6.5 Å in anionic POPE/POPG membranes and 6.5 to 
8.0 Å in zwitterionic POPC bilayers. The shortest distances were found between the 
guanidinium C nucleus of Arg11 in the -turn of PG-1 and the phosphate group suggesting 
the formation of a hydrogen bond. The PG-1 topology was further studied by 1H spin 
diffusion rates from the phospholipid chains into the headgroup in the presence and in the 
absence of PG-1. As PG-1 bridges the headgroup chain distance in the lipid, faster spin 
diffusion build up was observed. As a result of lipid binding, it was found that PG-1 slows 
down the lateral diffusion of lipids [172]. In agreement with the specific interactions of the 
Arg residues of PG-1 with the lipid’s phosphate groups are results on a charge-attenuated 
PG-1 mutant (termed [4,18 G10] PG-1) that shows longer distances to the lipid headgroups 
as the WT as determined by REDOR measurements [141]. Also, the depth of insertion of 
this mutant strongly depended on the membrane surface charge density and in a 
zwitterionic POPC membrane, the PG-1 mutant remained on the membrane surface as 
inferred from very different spin diffusion build up curves in POPC and POPG membranes, 
respectively [141].  
The authors concluded that the cost of inserting the positively charged group into the 
hydrophobic membrane is compensated for by the neutralization of the guanidinium ion by 
the surrounding negatively charged phosphate groups [140,169]. The data indicated that 
membrane-embedded PG-1 causes some phosphate groups to insert into the membrane 
interior to come in close proximity to the Arg residues. Such a scenario would also be in 
agreement with the formation of a toroidal pore, where rotated lipids are in direct contact 
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with the entire sequence of the peptide. 31P NMR line shapes confirm the presence of such 
pores [173,174].  
A similar methodology was also used to study the topological structure of PG-1 in a 
lipopolysaccharide (LPS)-rich membrane mimicking the outer membrane of Gram-negative 
bacteria [64]. While the spin diffusion data indicated that PG-1 was fully inserted in to the 
LPS-rich membrane, the 13C-31P distances between the most inserted Arg11 and the 
phosphates were larger than in POPE/POPG membranes, indicating that PG-1 forms barrel-
stave pores in LPS-rich membranes rather than toroidal pores [64].  
3.3. The Specificity of Phospholipid Interaction of the G Protein-Coupled 
Receptor Rhodopsin 
G protein-coupled receptors (GPCRs) represent the largest class of membrane proteins and 
mediate numerous cellular processes. Although in the last 5 years crystal structures of 
several GPCRs have been solved, the by far best studied GPCR is rhodopsin, the biological 
pigment of photoreceptor cells. For rhodopsin, crystal structures in the ground and in the 
activated state are available [175-178]. The influence of the membrane properties on the 
function of rhodopsin has been intensely investigated by various NMR methods in the 
laboratories of K. Gawrisch and M. F. Brown [14,15]. Two aspects have been in the focus of 
these investigations: the influence of rhodopsin on the properties of the surrounding 
membrane and specific lipid-rhodopsin interactions.  
A first example for the usefulness of precise membrane thickness measurements by 2H 
NMR involves a study of the -helix content of rhodopsin reconstituted into a series of 
mixed-chain lipids with varying chain lengths from 14 to 20 carbons and a saturated sn-1 
and a monosaturated sn-2 chain [107]. It was shown that the rhodopsin structure and 
function are very sensitive to alterations in membrane hydrophobic thickness and that the 
-helical content of rhodopsin increases with bilayer thickness suggesting a high plasticity 
of the rhodopsin transmembrane helices for matching the membrane hydrophobic 
thickness [107]. 
Upon activation, rhodopsin induces elastic deformations of the membrane due to 
hydrophobic mismatch between the thickness of the membrane and the protein, which 
induces membrane curvature, and the adaptation of lipid molecules to shape changes of 
the protein upon activation [14,15]. It has been found that the nonlamellar-forming lipid 
phosphatidylethanolamine (PE) supports the formation of the metarhodopsin II (MII) 
photointermediate [179]. It was also suggested that MII has a larger hydrophobic thickness 
than metarhodopsin I (MI) [179]. The elastic remodeling of the membrane upon rhodopsin 
acitvation has been investigated intensely [89,179,180].  
2H NMR spectroscopy has further contributed to understand the influence of the lipid 
matrix on the MI/MII equilibrium of rhodopsin. From the 2H NMR order parameters, the 
precise bilayer hydrophobic thickness could be measured from which changes in the 
membrane bending rigidity could be determined. Thus, the observed shifts in the MI-MII 
equilibrium of rhodopsin in membranes containing a series of PEs with different levels of 
headgroup methylation and varying chain unsaturation could be correlated with the 
membrane elastic properties. Interestingly, the shifts in the MI-MII equilibrium could only 
partially be explained by elastic energy and contributions from hydrogen bonding between 
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PE headgroups and rhodopsin had to be invoked to explain the data [180]. In a nutshell, the 
negative curvature elastic stress exerts the dominating influence on the MI/MII equilibrium 
[89,179]. The influence of direct interactions with the first lipid layer is of secondary 
importance. 
 
Figure 6. Summary of STD experiments of reconstituted bovine rhodopsin in membranes. (A) 
Saturation time dependence of the attenuation factor of oleic acid (OA, triangles) and docosaexaenoic 
acids (DHA, squares) in POPC/rhodopsin (250:1) and SDPC/rhodopsin (250:1) (filled symbols) as well as 
in POPC/SDPC/rhodopsin (125/125/1) (open symbols). In all cases, the DHA chains show stronger 
signal attenuation due to preferential interaction with rhodopsin. In all lipid mixtures, the saturated 
sn-1 chain of the phospholipids was perdeuterated. Reproduced from [131] with permission from the 
author. (B) 31P MAS STD NMR spectra of bovine rod outer segment disks. Spectra were obtained 
without (solid line) and with (dashed line presaturation of rhodopsin. Both PC and PE are presaturated 
but the NMR signal of PE is more attenuated than that of PC, indicating preferential interactions of 
rhodopsin with PE lipids. Reproduced from [132] with permission from the author.  
These results triggered the Gawrisch group to investigate the direct interaction between 
rhodopsin and phospholipid molecules. Saturation transfer difference was used to 
determine the phospholipid hydrocarbon chain [131] and headgroup selectivity of 
rhodopsin in artificial membrane mixtures and native disk membranes [132]. The STD 
curves suggested that rhodopsin had a preference for polyunsaturated docosahexaenoic 
acid (DHA) chains over saturated or monounsaturared chains of phosphatidylcholine (PC) 
membranes suggesting a radial distribution of lipids with the polyunsaturated chains 
oriented preferentially towards the transmembrane helices of rhodopsin [131] (Fig. 6A). 
STD experiments with 31P detection were carried out in rod outer segment (ROS) disk 
membranes to investigate a possible headgroup preference of bovine rhodopsin. The 
detected 31P MAS NMR spectra allowed resolving the PE and PC component of the ROS. The 
signal intensities of both lipid species were attenuated after rhodopsin presaturation, 
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however, the PE signal lost more intensity suggesting a preference of the GPCR for this lipid 
[132] (Fig. 6B). This data is in agreement with a heterogeneous lipid-rhodopsin interface in 
the membrane. All photointermediates of rhodopsin transferred magnetization 
preferentially to the DHA-containing lipids, suggesting a unique preference of the protein 
for polyunsaturated phospholipid chains.  
3.4. The Interaction of the K+ Channel KcsA with Tightly Bound Phospholipids 
The procaryotic homotetrameric potassium crystallographically-sited channel (KcsA) is a 
potassium ion channel from Streptomyces lividans that is activated by alterations in the 
ambient pH [181]. Crystallographic work has identified electron density indicative of a 
tightly bound lipid molecule, identified as a negatively charged phosphatidylglycerol (PG), 
which was found in each of the four segments of the tetramer [182]. It was shown that 
lipids (not necessarily PG) were required for the correct refolding of the channel into its 
functional form. However, ion conduction could only be observed when the protein was 
reconstituted into vesicles containing negatively charged lipids.  
 
 
Figure 7. NMR investigations of phospholipids tightly bound to the K+ channel KcsA. (A) proton-
decoupled 31P NMR spectra of WT KcsA. The site directed mutations R64L (B), R89L (C), and R64L/R89L 
(D) are shown, all spectra show the K+ channel reconstituted into POPC/POPG membranes at a mixing 
ration of 70/30 (mol/mol). (E) Sections of a 2D 13C-13C correlation NMR spectra of KcsA (E) and LVWY 
reverse-labeled KcsA Kv1.3 (F) to probe for tightly bound lipids. Lipid headgroup crosspeaks, copurified 
from E. coli, are highlighted in red. Reproduced from [183] with permission. Reprinted with permission 
from [149]. Copyright (2007) American Chemical Society. 
The direct detection of the interaction between non-annular binding sites on the protein 
and anionic lipids has been demonstrated using 31P MAS NMR spectroscopy [183]. The 
channel tetramer was reconstituted into zwitterionic POPC and negatively charged 
POPC/POPG (70/30) membranes. Significant changes in the 31P MAS NMR spectra were 
observed in the presence of the ion channel. In the presence of KcsA, the line width of the 
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POPC signal in pure POPC membranes increased. In the mixed POPC/POPG membrane, a 
third 31P NMR signal was detected in addition to the signals for the bulk POPC and POPG, 
respectively (Fig. 7A). This new component accounted for 6.6% of the total intensity and 
was accompanied with a slight reduction of the POPG intensity. This peak was assigned to 
bound POPG at the non-annular binding site of KcsA, which was expected to account for 4% 
of the total lipid intensity at the reconstitution ratio of 100:1 lipid/protein monomer. To 
confirm that the newly found peak in the lipid spectrum indeed represented a bound lipid, 
a series of mutants of the KcsA channel were studied. In the crystal structure, it had been 
proposed that that residues Arg64 and Arg89 were involved in non-annular lipid binding 
[182]. These residues were mutated to leucine in two single and one double mutant [183]. 
In the 31P MAS NMR spectra of these mutants in POPC/POPG membranes, the newly found 
signal that was attributed to POPG in the non-annular binding site was clearly absent, 
confirming the abolition of lipid binding in these sites (Fig. 7B, C).  
The influence of specific lipid binding in KcsA in comparison to the chimeric potassium 
channel KcsA-Kv1.3, which contained 11 amino acids from the human Kv1.3 channel, was 
investigated by solid-state 13C-13C correlation NMR spectroscopy in asolection membranes 
[149], which contain the negatively charged phosphatidylinositol. The authors detected 
lipid crosspeaks in the region between 60 and 80 ppm (Fig. 7E), which represents the 
fingerprint region of lipid headgroups, indicative of tightly bound non-annular lipids. 
Remarkably, these crosspeaks were absent for KcsA-Kv1.3, which features a negatively 
charged aspartate at position 64 (Fig. 7F). This confirms the findings from 31P NMR, where a 
Arg to Leu mutation in position 64 also showed no lipid binding [183]. These results imply 
the tightly bound 13C labeled lipids, most likely copurified from the E. coli inner membranes 
of the expression system for KcsA. It should be underlined that the asolectin lipids were not 
13C labeled, which suggests that the detected lipid-protein crosspeaks were indeed caused 
from non-annular lipids from the expression system. Very recently, the structural and 
functional role of the protein-lipid interface at the pore look region of the K+ channel was 
investigated by solid-state NMR and molecular dynamics simulations, which support the 
view that the pore loop structure of the K+ channel is stabilized by specific protein-lipid 
contacts [184]. 
4. Perspective 
From the above examples, it may have become clear that solid-state NMR methods hold 
great potential for the investigation of lipid-protein interaction in membranes. Both the 
influence of proteins on the lipid matrix and direct interactions between lipids and proteins 
can be detected by the method with great precision. However, there are also some 
limitations of the technique. Some of which may possibly be overcome by further technical 
development but a few principle problems remain.  
One problem arises from the fact that solid-state NMR samples of protein-membrane 
complexes usually represent multilamellar membrane preparations, where the protein is 
incorporated into the membrane or associated with its surface and multiple layers of such 
membranes are stacked on top of each other separated by a relatively thin water layer. In 
such an arrangement titration studies of either protein or a specific lipid to the preparation 
as can be done in solution NMR are not possible. In order to determine binding affinities 
between lipid and protein, separate samples containing varying amounts of either protein 
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or the lipid of interest have to be prepared, which is somewhat tedious and consumes more 
material.  
An other problem of the investigation of phospholipid-protein interaction in the membrane 
is the fact that phospholipid molecules have a relatively similar chemical structure and the 
spectroscopic distinction between different species is consequently difficult. This influences 
studies of the preferential interaction between a protein and a specific lipid species. 
Although unsaturated lipid chains provide unique NMR signals, these chains usually contain 
also ‘normal’ CH2 groups, which show exactly the same spectral characteristics as in 
saturated chains [185]. While specific deuteration of the lipid chains may help overcoming 
this complication, investigations have to be restricted to relatively simple lipid mixtures 
[185,186]. Although the lipid headgroups show some more chemical diversity, the 31P 
chemical shift range of different lipid species is still restricted to about 3.5 ppm [40], which 
often prevents the distinction of the lipid species in the presence of some line broadening 
accompanied by a decrease in resolution. Often, lipid-protein interactions in the membrane 
are of hydrophobic nature. This means, that only little alterations in the electrostatic 
environment of the nuclei occur and the concomitant chemical shift alterations are small 
and difficult to observe for broadened lipid signals [183].  
Often, the most interesting lipid species that also play a functional role are present only in 
trace amounts in biological membranes. Although such lipid molecules would also feature 
unique NMR signals, like phosphoinositides or lipopolysaccharides [187,188], due to the 
dynamic range of the receiver, the detection of such species is compromised. One solution 
to this problem could be 13C labeling, which has been described for some phospholipids 
[189] or is commercially available for cholesterol. But 31P NMR, which seems to be the most 
logical approach to study phosphoinositides or lipopolysaccharides can not benefit as the 
31P nucleus already has a natural abundance of 100%. 2H NMR of specifically deuterated 
lipids can be used, but if lipid of interest is highly diluted, natural abundance 2H of the non-
deuterated lipids will start to play a role if the dilution exceeds a factor of ~1000. 
A last point worth mentioning is the exchange between bulk lipids and annular sites, which 
occurs relatively rapidly on the NMR timescale [10,183]. Thus, magnetization transfer or 
dipolar coupling, which are key parameter that are measured by NMR, are weak and often 
very hard to observe in the liquid crystalline phase state of the membrane. Therefore, 
experiments that probe such quantities have to be carried out in the frozen state. Under 
these circumstances, fixed distances can be determined, but such numbers have to be 
discussed with great caution as the fluid state of the membrane is characterized by a high 
degree of conformational disorder and dynamics on the lipid side, which results in 
distributions rather than fixed distances [22,151]. As in NMR distances are measured via 
dipolar couplings or spin diffusion, the determined lengths are biased towards the shortest 
distance as dipolar couplings and spin diffusion rates scale by r-3 or r-6, respectively [38]. 
Except for tightly bound non-annular lipid molecules, protein-lipid interactions should be 
viewed as probability for contacts and interactions rather than fixed distances and quasi-
crystalline arrangements. This is all in agreement with a modern view of the biological 
membrane, which is characterized by a high degree of molecular dynamics, flexible and 
transient domain structure, and dynamic interaction patterns between lipids and proteins 
[1,2,15,22]. Solid-state NMR has significantly contributed to this current model of biological 
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membranes and the multitude of molecular interactions of lipids and proteins in the fluid 
state.  
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